Biosynthesis, 2H-NM R, Phytoalexin, Pisatin, Pterocarpan 2H-NMR analysis of the 6a-hydroxypterocarpan phytoalexin pisatin derived in C uCl2-treated pea [Pisum sativum) pods from [6,1 la -2H 2]m aackiain has dem onstrated the retention of all 2H labels. This establishes that no pterocarp-6a-ene or pterocarp-6-ene interm ediate is involved, and thus confirms a direct 6a-hydroxylation mechanism for the biosynthesis o f 6a-hydroxypterocarpans from pterocarpans.
Introduction
(+)-Pisatin (3) is a 6 a-hydroxypterocarpan p h y toalexin produced by pea (Pisum sativum) tissues on fungal infection or abiotic treatm ents [1] , F rom the results o f feeding experim ents using radiochem ically-labelled precursors [2, 3] , the biosynthetic p a th way to pisatin has been show n to proceed via the pterocarpan (+ )-m aack iain ( 1 ), conversion into (+ )-(a) direct 6 a-h y d ro x y latio n p ro b ab ly involving a m ono-oxygenase enzym e, (b) d eh y d ro g e n atio n /h y d ra tio n involving a pterocarp-6 a-ene in term ed iate (4), or (c) d e h y d ro g e n atio n /h y d ra tio n involving a pterocarp-6 -ene in term ed iate (5) .
T he poor inco rp o ratio n s o f the p tero carp -6 a-enes an h ydropisatin and d eh y d ro m aack iain (4) into p i satin [2 ] suggest how ever th at m echanism (b) is u n likely to o p erate, and overall, results [3] tend to favour m echanism (a), i.e. d irect hydroxylation. T o investigate fu rth e r th e n atu re o f the m echanism , we HO , [5] showed the signal for H -11 a (<5 5.49, d, 7 = 6.7 Hz) to be reduced in intensity to approxim ately 4% o f n o r mal, indicating 96% d eu teriatio n at this position. The signal for H -6 eq at <54.28 (m , approx. dd, J = 9.6, 3.3 Hz) becam e a less-resolved m u ltip le t o f intensity 53% of norm al, thus show ing 47% d e u teriation. Signals for H -6 ax (<5 3.63, approx. t, J -10.0 Hz) and H -6 a (<5 3.56, m) overlap, and the relative proportions o f d eu teriatio n could th u s not be assessed accurately. T he overall integral was re duced to 57% o f norm al, thus corresponding to 43% d eu teriation at H -6 ax assum ing no d eu teriatio n at H -6 a (confirm ed by the 2H N M R spectrum , see R e sults). As expected, therefore, position 11a was a l m ost com pletely d eu teriated (ca. 96%), and the two 6 hydrogens were equally labelled to an extent o f ca. 45% (m axim um possible 50%). In a second syn thesis, the am ount o f labelling was som ew hat low er, ca. 84% at position 1 la, and 40% at each 6 hydrogen, indicating exchange o f the b o ro d eu te rid e w ith sol vent hydrogen.
Biosynthesis of pisatin
Pea pods were o b tained from plants (cv. K elvedon W onder) grown under norm al garden conditions. A queous C u C l, (3 x 10~3 m ) was injected into m ature pods (ca. 300, 1.4 kg), w hich were then left for 12 h in the light u nder conditions o f high hum idity. U nabsorbed C u C l2 was rem oved by syringe, and a solution o f (± )-[6 ,l la -2H ,]m aackiain (215 mg, 2H -content ca. 90% at H -l la, 42% at each H -6 ) and (± )-[1 la -14C ]m aackiain [2] (1.57 mg, specific activity 2.15x 10s dpm /m M ), as the sodium salts in phos p h ate bu ffer (0.1 m , pH 7.0, 770 ml), was injected. This volum e o f feeding solution was equ iv alen t to [2] . T he yield o f pisatin after T L C p u rificatio n was 75 mg, total pisatin content before p u rificatio n being 84 mg. Specific activity of the p roduct was 4 .0 4 x 104 dpm /m M , corresponding to a d ilu tio n value o f 38.6 (i.e. specific incorporation 2.6%), and an in co rp o ratio n o f 0.95%. Fig. 2A) confirm ed the d ata from the p roton spec trum and show ed th ree signals at < 5 5.47, 4.25 and 3.62, corresponding to H -l la, H -6 eq and H -6 ax re spectively, and the relative intensities w ere 2 .2 : 1 : 1 , in good agreem ent w ith the proton spectrum . W hen this m aterial was fed to pea pods, th e labelled pisatin produced show ed a d eu teriu m spectrum (acetone solution) as in Fig. 2B . T his contained two signals at < 5 5.26 and <54.09, w ith relative intensities o f ap proxim ately 1:1. T he two signals correspond to H -l la and H -6 respectively, and JH N M R confirm ed that the two H -6 p ro to n resonances are indeed co incident in acetone solution. C om parison o f the peak areas w ith th at o f the n atu ral ab u n d an ce solvent peak indicated a d eu teriu m content for each signal o f ap p ro x im ately 2 .0 %, in good agreem ent w ith th at calculated from the specific incorporation, i.e. 2.6x0.90 = 2.3%. In chloroform solution, the two H -6 protons are clearly resolved [6 ] and the d eu teriated sam ple then show ed in its d eu teriu m spec trum (Fig. 2 C ) Since pisatin produced biosynthetically from the labelled m aackiain contains deu teriu m at position 1 1 a and both 6 positions, and fu rth erm o re retains the sam e relative proportions o f d eu teriu m label, the in term ediacy o f p tero carp -6 a-enes or p terocarp- 6 -enes can definitely be excluded. T he involvem ent o f eith er w ould necessitate loss o f label from po si tions 1 1 a or 6 , and thus the relative enrichm ent w ould change m arkedly. T he slight loss o f d e u Fig. 2 . 38.4 MHz 2H -NM R spectra: A, (± )-[6,l la -2H 2]-maackiain (acetone, 100 scans), B, pisatin (acetone, 11 000 scans), C, pisatin (chloroform, 2500 scans).
Results and Discussion
terium from 1 1 a as in d icated by the intensity m easurem ents is not reg ard ed as real, b u t p ro b ab ly reflects the low er levels o f accuracy attain ab le in d eu teriu m N M R studies because o f th e low sensi tivity problem s. T otal d eu teriu m content was very sim ilar to th a t calculated from 14C incorporations, and also indicates no overall loss o f d eu teriu m label. Thus, the m ost likely bio sy n th etic pathw ay to pisatin involves d irect 6 a-h y d ro x y latio n o f m aackiain, and it is very possible th a t a m onooxygenase enzym e could be involved. T his is entirely in keeping w ith the observation th a t th e hydroxylation is found to proceed w ith reten tio n o f co n fig u ratio n at C -6 a [3] , S im ilar 6 a-hydroxylation o f ptero carp an s is o b served in the sequences em ployed by several m icro organism s for the m etabolic deto x ificatio n o f pterocarpan phytoalexins [7] , T hese hydroxylations are a l so thought to be catalysed by m ono-oxygenase en zymes [8 ] , and sim ilarly, w here evidence is availab le [9] , proceed w ith retention o f configuration.
F eeding experim ents have show n th a t b o th (+ )-and (-)-isom ers o f m aackiain m ay be used by pea tissue in the biosynthesis o f pisatin, b u t (-)-m aackiain is transform ed into (-)-pisatin rath e r th a n the norm al (-l-)-isomer [5] . Since (± )-m a a c k ia in was fed in this experim ent it is thus likely th a t a p ro p o rtio n o f (-)-p isa tin was also present in the final m e ta b olite. This, how ever, in no way affects the co n clusions discussed, since the pathw ay to (-) -p is a tin appears to parallel th at to (-t-)-pisatin [3] .
T he equivalence or non-equivalence o f N M R sig nals for the 6 protons o f 6 a-hydro x y p tero carp an s has been discussed [9] and was regarded as purely ac cidental. Clearly, the chem ical shifts o f the 6 protons o f pisatin are solvent dependent, and this is likely to hold also for o th er 6 a-hydroxypterocarpans. It m ay be valuable therefore not to restrict N M R studies o f suspected 6 a-h y droxypterocarpans to a single solvent system.
T he p roduction o f pisatin in these studies (ca. 60 n g /g fresh wt. pea pods) was m arkedly low er th an in previous feeding experim ents (ca. 1 6 0 -2 0 0 (ig/g) [2, 3, 5] . T he cause o f this is not entirely certain, b u t reduced levels have been observed in a n u m b er o f sim ilar experim ents w here relatively large am ounts o f m aackiain have been fed [10] . Som e p tero carp an phytoalexins, e.g. pisatin, phaseollin and glyceollin are know n to pro d u ce phytotoxic effects [1 1 ] and it is p ro b ab le th at m aack iain has sim ilar properties. T hus the presence o f relatively large am ounts o f m aackiain in these experim ents m ay have an in h ib i tory effect on b iosynthetic processes, alb eit to related phytoalexins.
